Engineered nanoparticles (ENPs) possess different physical and chemical properties compared to their bulk counterparts. These unique properties have found application in various products in the area of therapeutics, consumer goods, environmental remediation, optical and electronic fields. This has also increased the likelihood of their release into the environment thereby affecting human health and ecosystem. ENPs, when in contact with the biological system have various physical and chemical interactions with cellular macromolecules including proteins. These interactions lead to the formation of protein corona around the ENPs. Consequently, living systems interact with the protein-coated ENP rather than with a bare ENP. This ENP-protein interaction influences uptake, accumulation, distribution and clearance and thereby affecting the cytotoxic and genotoxic responses. Although there are few studies which discussed the fate of ENPs, there is a need for extensive research in the field of ENPs, to understand the interaction of ENPs with biological systems for their safe and productive application.
Introduction
Nanoparticles are particles which have atleast one dimension in size range between 1 and 100 nm (1). They have an increased surface to volume ratio compared to their bulk counterpart and can be present as an aerosol, suspension or emulsion (2) . Nanoparticles can occur naturally (volcanic eruptions, forest fires), produced incidentally (by-products of industrial processes) and can be synthesised, known as engineered nanoparticles (ENPs) (3) . The use of nanotechnology based products is exponentially increasing due to the increased applications of ENPs in consumer product, agriculture, energy production, as catalysts, semiconductors and medicines (4) (5) (6) (7) (8) (9) . ENPs are also finding use in consumer products like paints, cosmetics and textiles. Additionally, magnetic ENPs have been employed to remove heavy metal contaminants from waste water, gold ENPs are used as biosensors, for drug delivery and other medicinal purposes and some of the metallic ENPs hold promise as fuel additives to increase the fuel efficiency of diesel engines (10, 11) . Though ENPs are widely used, their small size and unique physicochemical properties impose potential risks to human health and the environment (12) (13) (14) (15) .
The proteins present in the biological system bind to the ENPs resulting in the formation of protein corona (16, 17) . Due to the high free energy on the surface of ENPs, it adsorbs proteins to lower the energy and increase its dispersion (18) . Almost 300 different proteins have been reported to be adsorbed on amorphous silica ENPs within <0.5 min of incubation with human plasma. Also, a time dependent increase in the concentration of proteins was observed with no change in composition (19) .
The physicochemical properties of the ENP influence the corona formation by inducing conformational changes in the proteins (20) .
The conformational changes induced in adsorbed protein can also alter the overall bio-reactivity of ENP (21) .
Based on the binding affinity of the attached proteins and nature of the surface ligands, different protein corona is formed when proteins adsorb to the ENPs (22, 23) . As a result of competitive protein exchange, the proteins adsorbed on nanoparticles are considered to be in a continuous flux of desorption/adsorption determined by the 'Vroman effect'. According to this 'effect', an initially attached protein can, at any time, desorb from a nanoparticle and be replaced by a different protein with higher affinity. The protein corona composition changes while the amount of adsorbed proteins remains relatively constant (24) . The corona is a dynamic entity as it exchanges over time to adapt its composition to the surrounding biological environment (25) . Nanoparticles have a hard core of biological macromolecules known as hard corona, interacting strongly with the nanoparticle surface, showing irreversible protein binding characterised by high affinity and show exchange times greater than the time needed for internalisation of a particle (26) (27) (28) . As an example, the human serum has different types of protein. There is a competitive adsorption of the various proteins which is dependent on the surface characteristics of ENPs ( Figure 1 ) (29) (30) (31) .
The toxicological effects of nanoparticles are greatly influenced by the adsorbed biomolecules present on the surface of ENPs which is responsible for the fate of the ENP. For instance, protein adsorption can lead to the non-specific uptake of nanomaterials into cells by receptor-mediated endocytosis. Proteins can act as opsonins so a major fate of nanoparticles in physiological media is opsonisation (32) . Therefore, corona formation further impacts the cellular interactions of ENPs and determines their fate in humans (33) (Figure 2 ). It has been demonstrated that the binding of blood proteins on the surface of single-walled carbon nanotube (SWCNT) alters its cellular interaction pathways and leads to reduced cytotoxicity as observed in human acute monocytic leukaemia cell line and human umbilical vein endothelial cells (34) . Lunov et al. (35) reported that the uptake mechanisms for ENPs differ for variety of phenotypically related tumour cell lines, wherein influenced by the surface charge of the ENPs and their opsonisation by serum proteins. Also Liu et al. (36) showed that under in vivo conditions protein-coated ENPs can be used for targeted drug delivery. In this study, it was demonstrated that wheat germ agglutinin associated ENPs could preferentially reach in rat brain using the olfactory and the trigeminal nerve pathways. Therefore, the protein corona affects the mode of ENP uptake, its target organ and can influence its toxicity (34, 37) . Nanoparticles in vivo are considered as hybrids, having an inorganic core, with surface coating along with corona of adsorbed biological molecules which have complex degradation pathways (38) . Salvati et al. (39) reported that when transferrin-conjugated nanoparticles are placed in a complex biological environment, proteins in the media can block transferrin from binding to both its targeted receptors on cells and soluble transferrin receptors. Therefore, the targeting ability of ENPs gets compromised due to the interaction of ENPs with the complex biological environment (39) (40) (41) . Thus, these findings reveal that protein corona around ENPs has a profound influence on the toxicity potential of these particles.
Models for assessing genotoxic potential of ENPs
ENPs are coated with protein which modulates the toxic potential of nanoparticles. The various models which can be used to determine the genotoxic potential of ENPs are as follows.
In silico
In silico models for genotoxicity prediction are being increasingly used in the present scenario. The different in silico models demonstrate that ENPs can interact with proteins involved in replication, transcription, repair, thus giving evidence of DNA damage. C60 fullerene interacts with PMS2, RFC3 and PCNA proteins involved in the DNA mismatch repair pathway (42) . The binding site of fullerene in the ATP binding domain of human topoisomerase II alpha was identified by in silico studies (43) .
In vitro
The in vitro approach has been repeatedly used for testing genotoxicity where DNA damage has been measured by either comet or micronucleus assay in the IMR-90, U251, A431 and HepG2 cells (14, (44) (45) (46) . With the application of ENPs in cosmetics, the use of in vitro reconstructed human skin, such as Episkin®, can be considered as a model for genotoxicity testing of ENPs (47) .
In vivo
The use of in vivo models can be considered a more realistic approach for determining the genotoxic potential of ENPs as the impact of ENP-protein interactions can be studied. ENPs have been shown to induce genotoxicity in mice, rats and fish (48) (49) (50) (51) .
3D in vitro
Due to misleading positive results in the widely used in vitro genotoxicity assays (52) , in vivo assays are recommended, but further due to 3R principle (53) , there is an increase in the emphasis of 3D in vitro models. Human 3D EpiDerm™ skin model is developed as a 3D model for determining genotoxicity by cytochalasin B micronucleus assay (54) . 3D human bronchial epithelial model has also been used to assess the genotoxicity of air-borne substances on inhalation (55) .
Genotoxicity assays
ENPs have been extensively studied for their ability to induce primary or secondary genotoxicity. Primary genotoxicity is due to direct interaction of ENPs with DNA or chromosomes, increased oxidative stress due to depletion of antioxidants, generation of reactive oxygen species (ROS), inhibition of DNA repair and disturbance of cell cycle checkpoint proteins (56) . However, the secondary genotoxicity could be attributed to inflammation caused due to increase in ROS (57) (58) (59) .
The Scientific Committee on Consumer Safety has stated that for the evaluation of the potential mutagenicity of a cosmetic substance, should include tests to provide information on the three genotoxic endpoints, namely (i) mutagenicity at the gene level, (ii) chromosome breakage and/or rearrangements (clastogenicity) and (iii) numerical chromosome aberrations (aneuploidy). Bacterial reverse mutation test is identified as the test for detecting gene mutations.
However, for certain classes of substances for which the bacterial reverse mutation test is not suited, it is recommended to perform gene mutation test in mammalian cells (The hypoxanthine-guanine phosphoribosyltransferase (HPRT) forward mutation assay test). In vitro micronucleus test is recommended as a test for both structural (clastogenicity) and numerical (aneugenicity) chromosome aberrations (60) (Figure 3) .
The comet assay (single cell gel electrophoresis) is a versatile, simple and sensitive method to measure the single and doublestranded DNA break, DNA-DNA or DNA-protein cross-links, base damage and apoptotic nuclei in individual cells (61) . It is most commonly applied to animal cells, whether in culture or cells isolated from the blood and tissues of organisms. In modified versions of this assay, base damage is identified by incubating lysed cells with base damage-specific endonucleases such as endonuclease III and formamidopyrimidine DNA glycosylase (FPG) that recognise oxidised pyrimidines and purines, respectively before electrophoresis (62, 63) . Interference occurs when ENPs that is present in the comet head (nucleoid) directly interacts with DNA and induce additional DNA damage (64) (65) (66) . The ENPs have been shown to bind with FPG enzyme, resulting into the total loss of the ability of the enzyme to detect oxidatively damaged DNA in the comet assay (67) leading to the risk of false negative results (68) . The literature shows conflicting results of the genotoxic potential of silica ENPs where it led to DNA damage in A549 and HT29 cells (69) while other studies reported no significant genotoxicity (70) .
Ames test (bacterial reversion mutation test) has been widely used to assess the mutagenicity of a chemical compound (71, 72) . The principle is based on the reversal of mutation in histidine gene induced by the test compounds, identified by the formation of visible colony of bacterial strains in minimal histidine medium. The drawback of the test is to extrapolate/correlate the prokaryotic data for eukaryotic genotoxicity (73) , and the test is known to generate false negative results with ENPs (74) (75) (76) (77) (78) (79) . Moreover, it is not applicable to bactericidal ENPs or for those ENPs that cannot cross the bacterial cell wall (80, 81) .
Micronucleus assay determines the number of micronucleus (MNi) formed during the anaphase, fragmentation of chromosomes, or due to the lagging of whole chromosomes (82) . In the modified micronucleus assay, cytochalasin-B (a cytokinesis blocking agent) is added to cells after treatment with ENPs as it inhibits cell division and the cells appear binucleated. It is the most widely used in vivo genotoxicity test. The number of MNi per 1000 binucleated cells are counted and compared between treated and control cells (46, (83) (84) (85) . Cytochalasin-B reduces the incidence of false positives but it inhibits endocytosis, showing false negative results by preventing ENP uptake (68) . Moreover, micronucleus scoring is done only in binucleated cells which reduce the likelihood of scoring MNi that existed before the treatment. It is time-consuming and tedious work to analyse 1000 binucleated cells (86) , studies using higher concentrations of ENPs obscure the presence of MNi thus causing false negative results due to the accumulation of ENPs in the cytoplasm (46, 84) .
The HPRT forward mutation assay is an in vitro mammalian cell gene mutation test which overcomes the shortcomings of Ames Assay (87) . A V79 Chinese hamster cell has a single functional copy of the HPRT gene which induces phosphoribosylation of hypoxanthine and guanine bases. After ENP treatment, cells are grown in the presence of 6-thioguanine; the toxic analogue of guanine. In the mutated cells the salvage pathway gets blocked, and thus the 6-thioguanine does not get incorporated during DNA replication, and formation of colonies represents the deleterious point mutations due to the test substance. There are conflicting results in the literature regarding the mutagenicity potential of ENPs (88, 89) which could be due to differences in the cell lines used.
H2AX is a histone protein and its phosphorylation on serine 139 (γ-H2AX); is regarded as a sensitive marker for DNA double strand damage. Once phosphorylated, H2AX gets converted into monomers recruiting DNA repair proteins to the damage site. The change in the expression profile of γ-H2AX induced by ENPs can be detected by immunohistochemistry, flow cytometry and western blot (90, 91) . The limitation of this assay is that DNA damage caused due to ROS production cannot be detected by this assay (92) .
Chromosomal aberration assay detects the structural and numerical changes in the chromosomes induced by different mutagenic agents including ENPs. After cells are treated with ENPs, colcemid is added to block the cells in the metaphase of the first mitosis. Cells are then harvested by a hypotonic solution, fixed with methanolglacial acetic acid and scored (93) (94) (95) . It is not a widely used technique due to it being a labour intensive technique and requires highly skilled and experienced professional.
Forces governing nano-bio interface
The interface between the ENPs and the biological system is dependent on three factors: (i) the surface of ENPs whose characteristics are determined by its physicochemical composition, (ii) the intra and extra cellular milieu and (iii) the intracellular interaction of macromolecules with ENP-medium (96) .
The interactions between the ENPs and the biological systems are mainly due to Van der Waals forces, electrostatic interactions, electrosteric forces, solvation and solphobic forces (96, 97) (Figure 4 ).
Van der Waals forces
These forces originate due to the fluctuations of electrons; which induces a small dipole (positive and negative charges) in the ENPs, thereby inducing a dipole moment in the atoms of the adjacent ENPs creating an attractive force (96, 98) .
Electrostatic interactions
Electrostatic interactions occur due to the electric charges present on ENPs. The electrostatic forces between ENPs of the same charge are repulsive while those of opposite charges are attractive in nature (97) . During the interaction of bovine serum albumin with gold nanoparticles, the disulfide bonds of bovine serum albumin adsorb on the surface of gold nanoparticles. Hydrogen bonding, van der Waals forces, electrostatic and hydrophobic interactions were opined to play an important role in driving the binding of proteins to gold nanoparticles (99) .
Electrosteric forces
The electrosteric forces are based on the steric repulsion between molecules adsorbed on ENPs, which is necessary to prevent their aggregation, agglomeration and coagulation in the solutions. Electrosteric repulsion occurs due to attachment of polymers or surfactants on the surface of ENPs (100). In the presence of natural organic matter the stability of Ag, TiO 2 , Al 2 O 3 , ZnO, Fe nanoparticles, fullerenes and carbon nanotubes increased as protein corona around nanoparticles can be stabilised by electrostatic repulsion, which is achieved by providing a steric barrier (29) .
Solvation and solvophobic forces
Solvation is defined as the process of surrounding solute with solvent (101) . The water molecules present in the medium bind the hydrophilic ENPs with sufficient energy to form steric layers on their surfaces, making the ENPs difficult to adhere to each other. Therefore, the solvation forces increase particle stability through hydrophilic repulsion (96) . 'Solvophobic' forces enable the ENPs to aggregate when the attractive interaction due to hydrogen bonding or other polar interactions between solvent particles becomes stronger than the interaction between solvent and solute (102) . Solvation forces play a role in interactions between SiO 2 particles in water (96) .
Properties governing the formation of ENP-protein corona
The size, shape, surface area, chemical composition, crystalline structure, surface charge and aggregation of ENPs determine the fate and their interactions with protein in the biological system. The hydrophobicity and surface charge play a major role in the uptake and translocation of ENPs (103) (104) (105) . The physico-chemical properties of the ENPs also determine the composition and kinetics of the protein corona to be formed (18) (Figure 5 ). The modification of the ENPs by attaching ligand or charge at the surface modifies its entry into the cells (106) .
Size of ENPs
With the increase in diameter of ENPs there is an enhanced molecular interaction between the protein and the ENPs. It has been reported earlier, poly acrylic acid Au ENPs having a size of 12 nm binds to fibrinogen with higher affinity compared to poly acrylic acid Au ENPs 7 nm (107, 108) . The size of Au nanoparticles influences the adsorbed amounts of protein on the surface. The reason is that the size of the nanoparticles determines the curvature of nanoparticles that have different protein binding constants. It was observed that the binding affinity of Au nanoparticles to fibrinogen increases with the size of Au nanoparticles (99) 
Shape of ENPs
The shape of the ENP also determines the type of protein corona formation. A study showed that TiO 2 nanorods and nanotubes differentially adsorbed plasma proteins. IgM and IgG proteins majorly bound to the TiO 2 nanorods while fibrinogen was the major protein bound to the TiO 2 nanotubes. TiO 2 nanospheres bound qualitatively more proteins compared to both TiO 2 nanorods and TiO 2 nanotubes, However, the potential biological implication of this observation still needs to be investigated (109) .
Surface charge of ENPs
The charge on the ENPs determines the type of protein adsorbed on its surface. The surface of ENPs with no charge binds less proteins compared to ENPs with negatively charged or positively charged surface (110). Lundqvist et al. (111) showed that the composition of corona is different for the unmodified, carboxyl-or aminemodified polystyrene particles. Similarly, the hydroxyl (-OH) and amine (-NH 2 ) groups functionalised Fe 3 O 4 magnetic ENPs showed different cellular responses in normal fibroblasts (112) . The surface of Au nanoparticles was modified with electrolytes such as citrate, hexadecyl trimethyl ammonium bromide to increase their dispersibility. This surface modification led to increase in net charges on the gold nanoparticles, which produced an electrostatic attraction to the oppositely charged functional groups in proteins. Therefore, adsorbing more serum proteins (99) .
Surface chemistry of ENPs
Due to the varied surface chemistry of ENPs, there is a difference in the composition of the protein corona on ENPs which leads to different levels of genotoxicity caused by the same ENPs with different surface modifications (113) . Different DNA damage response to Ag ENPs (surface functionalised and non-functionalised with polysaccharide) in mouse embryonic stem cells and mouse embryonic fibroblasts was observed. The damage caused by surface functionalised Ag ENPs was severe compared to non-functionalised Ag ENPs suggesting that the polysaccharide coated particles are monodispersed while agglomeration occurs in uncoated particles limiting the available surface area and access to membrane bound organelles (113) . The surface coating of TiO 2 ENPs with bovine serum albumin (BSA) is also known to decrease the generation of γ-H2AX, a sensitive marker for DNA damage. It is predicted that there exists a relationship between γ-H2AX and the reaction of TiO 2 ENPs with DNA. It suggests that surface modification of ENPs could influence not only their incorporation into cells, but also genetic toxicity (114) . Modification of the ENPs by addition of polyethylene glycol (PEG) chains makes the ENP more compatible to the biological environment. PEGylation can be achieved by covalent bonding, entrapping or adsorbing of PEG chains (115) . PEGylated particles were shown to have reduced binding of proteins with an increase in blood circulation time and decreased cytotoxicity (116, 117) . The attachment of polymers such as poloxamine 908, Pluronic F127 has also been known to prevent protein adsorption while enhancing the dispersion of the ENPs (118-120). 
Type of ENPs

Incubation temperature of ENPs
The proteins adsorbed on the ENPs surface are also influenced by the temperature at which the corona is formed. Mahmoudi et al. (121) showed that apo-transferrin has a higher affinity towards the FePt ENPs at 43°C compared to 9°C and 22°C. Hence the slight variation in temperature can significantly affect the composition of protein corona.
Concentration of ENPs and proteins
The ratio of ENPs to proteins determines the coating efficiency of serum proteins on ENPs. Deng et al. (109) have put forth that concentrations of ENPs determine the different types and extent of protein corona formed. The protein bound to TiO 2 and ZnO varied with nanoparticles concentrations with no change in their zeta potentials. This is explained due to the greater agglomeration sizes at the higher nanoparticle concentrations. Moreover, the protein concentration gradients also determine the thickness of the protein corona determining the actual ENP pathways in the human system. High protein plasma concentration forms a thick protein corona and vice versa (22) .
Monitoring of ENPs-protein interactions
The adsorption of different proteins on the inorganic surface is a time dependent phenomenon. With time, proteins having greater mobility attach first to the surface and get replaced by less mobile proteins with a higher affinity for the surface (122) . Thus suggesting that the adsorption of plasma proteins depends primarily on ENP surface charge. Henceforth, there is a need to understand the interactions between the ENPs and proteins. Protein corona fingerprinting has been developed as a general strategy to predict the interaction of nanoparticles with biological systems. The biological identity of the nanoparticles is the protein corona formed that alters nanoparticle-cell interactions and the cell response. The composition of the protein corona 'fingerprint' was used to predict the cell association of a 105-member library of chemically diverse gold nanoparticles. The model predicts cells association 50% more accurately than a model that uses parameters describing nanoparticle size, aggregation state, and surface charge (123) .
Chromatography and electrophoretic techniques are applied to separate ENP-bound proteins, and the separated proteins are identified by matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF-MS) (124) and liquid chromatography mass spectrometry (LC-MS) (125) (Figure 6 ). The protein coronas consisting of apolipoprotein A-I protein around silica ENPs were investigated using mass-spectrometry. LC-MS identified numerous proteins in the hard corona formed around silica ENPs (19) . The study showed that biomolecule-gold nanoparticle interactions in serum increased the hydrodynamic diameter on biomolecule adsorption (123) . Nuclear magnetic resonance (NMR) identifies the specific protein domain that interacts with ENPs. Predicting the ENP-protein interaction domain helps in understanding the ENP-protein binding, better modelling and prediction of ENPs protein interaction (126) .
The technique indicates that human ubiquitin is rapidly adsorbed on the AgNP surface yielding a protein corona, which further evolved into clusters held together by an amyloid form of the protein (127) . NMR chemical shift perturbation analysis also identified the binding pocket of C60 on the surface of lysozyme (127, 128) . Size exclusion chromatography is employed to separate bound proteins from the ENPs and also detects the preferential binding and exchange rate during ENP-protein interactions (124) .
It has been put forth that it is not the most abundant protein that binds to ENPs, but the binding efficiency of proteins is dependent on the affinity and specificity of the protein for a particular receptor (129) . The binding affinity and binding ratio of ENPs to proteins are determined by UV-visible spectroscopy, fluorescence spectroscopy and dynamic light scattering (DLS) (124) . The absorption spectra changes when proteins bind to ENPs, depending on its size, aggregation and local dielectric environments. When ENPs interacts with the proteins, there is a considerable decrease in fluorescence intensity of protein with a shift of the emission peak as detected by fluorescence spectroscopy. The binding of proteins to ENPs lead to increase in size of ENPs which is monitored by DLS (130).
Khandelia et al. (131) used surface plasmon resonance (SPR) to study the ENP-protein interaction kinetics. The principle aspect of this study is the specific interaction of α-amylase and BSA proteins with Cit-Au ENPs which could be inferred from the increase in broadening of the SPR spectrum of Cit-Au ENPs with increasing concentration of α-amylase protein (131) .
The enthalpy changes, binding affinity constant and binding stoichiometry between ENPs and proteins in solution can be directly measured by isothermal titration calorimetry (ITC) (124) . The binding affinity and binding stoichiometry between Au ENPs and Cytochrome c obtained two different binding processes. Hence, ITC determines the mechanism of ENP and protein interactions (132) .
The conformational changes in proteins can be monitored by Fourier transform infrared (FTIR) (133) . FTIR determines the protein secondary structures based on the absorption of amide bonds while the Raman spectrum of proteins determines the interaction between proteins and ENPs based on bands associated with the peptide main chain, aromatic side chains and sulphur containing side chains (124) . X-ray crystallography determines the 3-D structure protein in ENP-protein complex. Circular dichroism (CD) spectroscopy is also used in analysing the secondary structure or conformation of the proteins (134) . When magnetic ENPs were incubated with an increased serum and particle concentration, apolipoprotein E was adsorbed on its surface along with serum albumin and transferrin. No significant primary or secondary structural alterations were observed in bound serum proteins through Fourier transform infrared spectroscopy and circular dichroism (135) .
Hill model is used as an analytical model to determine the equilibrium dissociation and kinetic coefficients of the protein corona (136) . The binding affinity of proteins to ENPs is obtained as dissociation constant (K D ), which is the concentration of the free protein that occupies half of the sites of ENPs.
The Hill equation for a single protein in equilibrium with an ENP surface is:
where N is the number of ENPs saturated with proteins, N max is the total number of ENPs, c(P) is the concentration of free proteins, ¢ K D is the concentration at which half of the ENPs are saturated and n is the Hill coefficient.
The Hill coefficient describes the cooperative and anticooperative binding. A Hill coefficient of n > 1 determines cooperative binding, where binding of proteins to an ENP facilitates the binding of further proteins to the ENP, n < 1 determines anticooperative binding, where binding of proteins to the ENP decreases the binding of additional proteins (124, 136) . The binding affinities quantify the strength of interactions between proteins and ENPs. Therefore, the physical and chemical properties of the ENP surface control both the type and strength of bound biological molecules. There is a need for a comprehensive database of protein corona fingerprints and biological responses for various ENPs (123) .
Impact of ENP-protein interaction on design of genotoxicity assays
ENPs are known to cause cytotoxic, genotoxic and inflammatory responses in vitro and in vivo (45, 49, (137) (138) (139) but the role of the protein corona in determining these effects is lacking. Several key aspects have emerged due to protein corona formation, which impart challenges for assessing ENPs induced genotoxicity. The dose of nanoparticles, and the mechanical stress exerted by the ENPs are one of the most important aspect which needs to be considered while determining the genotoxic effect of ENPs.
Dosimetry in in vitro assays
Oberdorster et al. (140) laid the principles for ENPs characterisation and dosimetry in vitro. It is essential to study the dose-response paradigm in the field of toxicology and is noteworthy that the actual dose that reaches the cells is different from the administered dose. During ENP exposure to cells, ENPs tend to settle at the bottom, agglomerate, and change surface charge due to protein corona formation over time, further changing the chemistry of the ENPs (141) . The binding of proteins to ENPs alters the hydrodynamic diameter of ENPs (142, 143) . The change in hydrodynamic diameter further changes the particle density thus affecting gravitational settling and agglomeration. Larger, denser particles enter into cells in vitro rapidly compared to smaller, less dense particles (144) . These transport variations impact the cellular responses. Therefore, the protein corona formation imparts challenges to obtain correct dosimetry for determining in vitro toxicity of ENPs. Therefore, there is an utmost need to consider the media mass, surface area, number and concentrations of ENPs for proper genotoxicity assessment.
Mechanical stress on cell surface
The individual ENPs gets aggregated in salt containing solutions which results in the formation of clumped particles of micrometer size (145, 146) . The aggregation of ENPs influences its biological interactions with the cells. The aggregation of the nanoparticles again changes the size and density of the particle protein complexes which would affect the protein corona formation. Therefore, there is a need to study the stress on cell surface caused due to the number and pressure of individual ENPs present in the aggregated ENPs as its study is largely lacking.
Uptake
The formation of protein corona in biological milieu modulates the interaction between ENPs and cells, affecting the uptake potential of ENPs inside the cells. The protein corona formation leads to loss of specificity for the target molecule (39) . It has been shown that ENPs with corona have greater adhesion potency to the cell membrane and higher internalisation efficiency in medium without serum compared to medium with serum (147) . However, it has also been reported that protein corona formation in bronchoalveolar fluid enhances diesel exhaust nanoparticle uptake. These results demonstrate that the unique protein corona formed on ENPs plays an important role in determining the degree of uptake of ENPs (148) . The uptake of ENPs in different organelles is also governed by kinetic parameters along with the adsorbed proteins (149, 150) . The blood proteins like apolipoproteins, adhesion mediators, signalling and transport proteins, complement system proteins, and coagulation factors act as opsonins that tag ENPs for efficient uptake by phagocytes, either in their native or conformational changed state (11) . Recently, on identification of components of the protein corona, it was observed that the interaction between transferrin in the protein corona and the transferring receptor modulated the cellular uptake of nanoceria via clathrin-mediated endocytosis (151) . A study also showed that serum protects that cell which has undergone a primary DNA damage possibly by lowering ENP uptake by cells (152) . 
Genotoxic effects
The interaction of ENPs with nuclear proteins, cell cycle checkpoint proteins, mitotic spindle and its components can also induce genotoxicity; therefore it is important to incorporate these studies (153) . It was reported that in cells incubated with gelatin ENPs, the F-actin and h-tubulin of the cytoskeleton get disrupted and disorganised (154) . TiO 2 ENPs inhibited the polymerisation of microtubule assembly (155) which leads to micronucleus information. Additionally, Pöttler et al. (156) has reported no significant difference in the micronucleus number in human granulosa cells treated with superparamagnetic iron oxide nanoparticles coated with lauric acid and bovine serum albumin as compared with the untreated control cells. This implies that protein coatings can also mitigate the genotoxicity effects and enhance the biocompatibility of the ENPs in reproductive cells. The defect in cell cycle checkpoints leads to genetic instability. Silica ENPs induced arrest of HUVEC cells in G2/M phase where the expression of Chk1 was increased along with the decrease in expression of Cdc25C, Cdc2 and cyclin B1 proteins (157) . When ENPs are suspended in water, are poorly dispersed, they form large aggregate which cannot enter the cell easily whereas in protein solution, ENPs are considered to have good dispersal. Lundqvist et al. (26) observed that the composition of protein corona formed in plasma is different from the protein corona formed in serum indicating that the difference in protein environment influences the formed protein corona. Additionally, with the increase in serum concentration the low molecular weight corona proteins increased compared to when nanoparticles are incubated in increased serum concentration. Further, it has been observed that, both the presence and the extent of protein corona present on magnetic nanoparticles reduce particle adhesion and attenuated uptake of ENPs into the cells in presence of the protein corona (158) . Therefore, dispersion of ENPs and protein corona is also considered to be an intriguing factor in affecting their genotoxicity (159) .
Conclusion
Adsorption of proteins to ENPs is critical in understanding how different cells interact with ENPs and how the ENP-protein corona can regulate genotoxicity. The review put forth that the toxic effect of ENPs is attributed to its physicochemical properties. The genotoxicity caused by different ENPs can either be reduced or enhanced depending on the type of ENP and adsorbed protein. The determination of proteins adsorbed is important in designing ENPs with optimised physico-chemical surface properties for minimising the genotoxicity of ENPs and increasing the localisation to site of action when used as in drug delivery. This review is important in understanding the basis of ENP-protein interactions and their subsequent effects on ENPinduced genotoxicity. New concepts have emerged in ENP-protein corona formation, however, its specific role in targeting and toxicity to human systems is still in its infancy. The biological identity of a particle is given by the protein corona, therefore there is a need to understand different types of protein corona formed. The studies related to characteristics and role of soft corona is still warranted. The complexity of nanoparticles features needs to be addressed. Surface modification increases the stability of ENPs but nevertheless few biological molecules get attached to the ENPs forming the corona. Hence, techniques to understand and at times to prevent corona formation are required for favourable applications of ENPs in medicine. 
